. Near-field and far-field scattering from NPoM. (a) 3-D full electromagnetic simulation of wavelength-dependent scattering (blue) and near-field intensity (red) for NPoMs, with two main resonance of the system labelled 1 and 2 , separated as dashed curves. (b) Optical near-field enhancements ( / 0 ) for NPoM with =40 nm and 30 nm circular facet, gap =4.5 nm and =2.5. The line profiles for imaginary component of electric-field (ℑm(E)) along the gap are shown below the nearfield image.
Section S1. Nanoparticle on Mirror (NPoM) Figure S1 . Near-field and far-field scattering from NPoM. (a) 3-D full electromagnetic simulation of wavelength-dependent scattering (blue) and near-field intensity (red) for NPoMs, with two main resonance of the system labelled 1 and 2 , separated as dashed curves. (b) Optical near-field enhancements ( / 0 ) for NPoM with =40 nm and 30 nm circular facet, gap =4.5 nm and =2.5. The line profiles for imaginary component of electric-field (ℑm(E)) along the gap are shown below the nearfield image. In the DNA design below, the p7560 scaffold is coloured blue; unmodified staples are red; 3' thiol modified staples are green; the overhangs are grey; 3' Cy5 modifications are purple; and strands that are have both overhang and Cy5 modifications (for different experiments) are cyan. A classical description of light-molecule interactions (where the molecule is described as an oscillating point dipole) is described by the Abraham-Lorentz equation 2 , with the scattering crosssection given by
where Γ is the total damping rate and is the detuning between the incident light and the oscillating dipole frequency. The scattering cross-section on resonance ( scat 0 = 3 0 2 /2 ) is only dependent on the transition/resonant frequency ( 0 ) of the dipole and independent of all other atomic or molecular properties. Therefore, this is the maximum achievable scattering crosssection for a single quantum system. The integrated oscillator strength is constant, but the scattering cross-section of the transition is broadened under ambient conditions due to the increased decoherence propceses and therefore the peak of the scattering cross-section reduces to smaller values. At room temperature, scat 0 is thus scaled down by ~10 -6 (Γ nat /Γ hom ), where Γ nat is the natural (radiative) linewidth and Γ hom is the homogenous broadening which increases due to thermal dephasing, thus limiting to values <0.2 nm 2 (Fig. S8a) . 3 In the NPoM, optical scattering rates are enhanced due to enhancement in the local electric fields ( / 0 ), which thus scales the effective scattering cross-section of Cy5
The scattering cross-section of the empty NPoM cavity ( NPoM > 5×10 3 nm 2 ) is much larger than the geometric area of the nanoparticle at the plasmonic resonance (which agrees with the full FDTD simulations). The total scattering from the Cy5-NPoM system is thus only weakly affected by the presence of the single Cy5 unless coherently coupled to the cavity. Similarly the absorption cross-section ( abs~2 scat 0 = 0.4 nm 2 ) of single Cy5 molecules outside a cavity remains undetectable with the weak pumping of white light used for dark-field illumination. For this reason, the only way that single Cy5 molecules can be observed (as in Fig.2e ) is because they experience the enhanced optical field inside the plasmonic cavity. We note that this classical description agrees with the quantum mechanical description of two level emitters (2LS) in the weak excitation limit.
The positions of the two modes ω ± seen in experiment (Fig.2c) arise from the interaction of the 2LS ( 0 ) with the plasmonic resonance ( ). As we show below, our system is near the boundary between strong and weak coupling. However, it still allows us to extract the Rabi splitting from the data. The energies of hybrid modes in this case can be estimated from 4-6
where Ω = − Γ /2 denotes the complex frequency of a resonance with frequency and linewidth Γ . This can be simplified to find the frequency of the two hybrid states ± as:
where = (ω 2 − ω ) with ω ± being the energies of the new hybrid modes determined by the coupling strength . Using this on our data requires knowledge of the detuning, which is obtained from our experimental data as ~100 meV. This extraction is shown for different values of in Fig.S9 , producing the distribution of coupling strengths for the population of NPoMs probed. The Rabi splitting Ω is then given by Ω 2 = 4 2 − (Γ − Γ 0 ) 2 /4 (S5) One criterion to determine if the system is described as being in strong or weak coupling for zero detuning is given when equation S4 produces real ± by 2 > (Γ − Γ 0 ) 2 /16 (S6) however this clearly fails when Γ = Γ 0 since then (S4) always gives real solutions even though the linewidths may be larger than the splitting. To observe the split modes clearly requires at least Ω > Γ ̅ = (Γ + Γ 0 )/2, giving the condition 2 > Γ ̅ (S7) These different situations are mapped out in Fig 
Section S14. Estimating enhancement factor
The absolute enhancement factors are calculated using:
where NPoM Cy5 are the counts obtained from NPoM with single-Cy5 and are subtracted from the average counts of the ILS of NPoMs without Cy5 ( NPoM ̅̅̅̅̅̅̅ ) and normalized to the counts on glass.
The variation in the number of Cy5 on glass and NPoMs is accounted for by a normalization factor, coming from the ratio of area under the laser spot ( spot ) to the area under the NPoM ( NPoM ) which is 2 / . The collection efficiencies modulated due to the antenna effect of NPoM are corrected with factor as below. The radiation pattern for the NPoM system is calculated using full-wave simulations 7 . The estimated collection efficiency for an NA = 0.8 objective lens is given by:
where the maximum collection angle of the objective is = arcsin(NA)=55 0 , and 2 Ω 2 is the radiation per unit solid angle. The radiation pattern from the NPoM is not sensitive to the dipole orientation of the molecules in the gap 8 , as the excitation and emission radiation is driven by the antenna mode of the NPoM. The variation with their facet shapes and geometry do have subtle effects on the radiation pattern but this is well within emission intensity variations obtained experimentally.
Section S15. Effect of mirror on fluorescence enhancement
When a Cy5 molecule is placed inside the <5 nm gap NPoM nanocavity, its fluorescence emission is massively enhanced as shown in Fig. 4 . These results contradict previous assumptions about fluorescence quenching when a quantum emitter approaches <10nm to a metal surface 9 . This is addressed in details in Kongsuwan et al. where we demonstrate that quenching is suppressed due to plasmon mode hybridization between the NP and its image charges in the mirror. 10 Here we demonstrate how the mirror affects the excitation and emission of a Cy5 in the NPoM.
For a quantum emitter with intrinsic quantum yield 0 , the fluorescence enhancement ̃ of the emitter is defined as: 9
where ̃ is the excitation enhancement, and is the quantum yield of the sytem given by:
with ̃ and ̃ are the radiative and non-radiative decay enhancements respectively. dielectric substrate ( =2.1) and below an isolated NP for comparison. When the emitter approaches the isolated NP (blue dash line), the emitter's fluorescence is quenched. 9 One however should note that we are moving the emitter laterally, therefore we are misaligning the emitter from the principal axis of the system (i.e. the axis passing through the centre of the nanoparticle and the emitter). 1 When the perfectly spherical nanoparticle is placed on a dielectric substrate (made of DNA-origami with n=2.1), the symmetry of the system breaks leading to different behaviour for ̃ (blue full line) and two-orders of magnitude increase. A perfectly spherical nanoparticle is not realistic to our experimental set-up, and we also calculate the emission rate for a faceted nanoparticle ( =20nm) on a dielectric substrate, whose fluorescence rate reverts back to being quenched and reaches its maximum near the facet edge. Finally, the presence of the metal mirror that creates the NPoM set-up increases dramatically increases both ̃ and ̃, while decreasing ̃ (red full lines). This behaviour results in more than three orders of magnitude increase in ̃ and demonstrates that the metal mirror is indeed an essential ingredient to realise the dramatic emission enhancement. Radiative decay enhancement ̃r ad , (c,d) non-radiative decay enhancement ̃n r , (e,f) excitation enhancement ̃e xc and (g,h) fluorescence enhancement ̃e m of a Cy5 molecule placed 2.5 nm under a NP (2 =80 nm, =2.1, =0,20 nm) (a,c,e,g) with a mirror ( =5 nm) and (b,d,f,h) without a mirror. The enhancements ̃r ad , ̃e xc and ̃e m of an isolated NP without a dielectric substrate (blue dash lines) are multiplied by factors 10 and 100 for clarity. All enhancements of each system are evaluated at the system's first-order plasmonic resonance: at 500 nm for the isolated NP, 550 nm for =0 nm NP, 560 nm for =20nm NP, 690 nm for =0 nm NPoM and 730 nm for =20 nm NPoM.
Section S16. Spectral and spatial dependence for the Purcell factor
The Purcell factor ( ) quantifies the spontaneous decay enhancement of a quantum emitter in an optical environment, and is therefore directly dependent on the local excitation of the emitter.
To gain an insight on how changes within a NPoM nanocavity, we assume that the NPoM plasmonic response is well described by a single mode (i.e. dipole mode that is spectrally separated from other modes). We then employ a quasi-normal mode (QNM) method to obtain the spatial profile of the mode, and compare the result with a full-wave numerical calculation using a dipole source (DS).
In the QNM formulation, 11 the spatial distribution of m th -order plasmonic mode ( ) is expressed with ̃( ) and ̃( ) using a complex eigenfrequency ̃ =2̃= -. With this formulation, the generalized Purcell factor is given by: 11, 12 ( ; ) = ( 3 4 2 ) ( )
where = 2 / , is the background refractive index, = /2 is the quality factor and is the emitter's position.
is the generalized mode volume defined as: 11
where the numerator is the normalization factor of the m th mode and is the emitter's dipole unit vector. The minus sign in the numerator remove the energy radiated to the far-field via the mode m th and ensures the integration convergence. The term ̃( ) ⋅̃( ) ≠ |̃( )| 2 and the imaginary term in the Purcel factor formula accounts for the resonance limit of
) =̃.
Here, we only consider the first-order ( 1 ) mode for the NPoM and calculate ̃( ), ̃( ) in FDTD simulations, following the methodology described in Ge et al. 12 The eigen-frequencies are evaluated by fitting Lorentzian functions to the near-field spectrums, where we found 1 =436-52i THz for =0 nm and ̃1 =401-38i THz for =20 nm.
The QNM treatment is compared with full-wave numerical calculations using a dipole source placed at various positions. The dipole source excites all the modes of the plasmonic system to obtain . This approach calculates the total dyadic Green function ( , ; ) at the dipole source (DS) position and evaluates the Purcell factor as: 13,14
where 0 ( , ; ) is the homogeneous medium Green function in free-space and is the dipole source's unit vector.
The results from the two approaches are plotted in Fig. (S16) for emitters oriented along the NPoM axis =̂. The dipole source (DS) approach shows two peaks for , Fig. (S16 a,b) , with the 1 resonances at the lower-frequency peak. The QNM-approach predicts well the spectral behaviour of 1 . The DS-approach also shows an additional higher-frequency peak, which corresponds to a collective response of higher-order modes 15 ( ∞ ) that are spectrally degenerate and cannot be described with a single QNM treatment. The QNM treatment shows 1 to be redshifted to the numerical calculations, which is due to neglecting ∞ . The deviation between the two approaches decreases for faceted NPoM, where 1 is more spectrally separated from ∞ , and therefore the QNM treatment gives better estimates for , see Fig. (S16 a,b) .
Using both methods, we now calculate for emitters placed at various positions ( ) within the nanocavity ( fig. S16c,d ). At the resonant frequency of 1 , the single-mode QNM predicts well the spatial variation of the Purcell factor, which can also be simply expressed as:
where = 0 denotes the NPoM nanocavity centre. Note that at the facet edge, 10nm in (S16 d), additional dark (non-radiative) modes contribute to the larger values that the QNM approach does not account for. The single-mode QNM treatment demonstrates that the 1 resonance is indeed the dominant emission channel for a NPoM nanocavity. 
Section S18. Staple sequences
The sequences of the un-modified staples for the 2 layer plate are listed below, with notes on which modifications are made for individual staples. 
